Nuclear import of proteins which are too large to passively enter the nucleus requires soluble factors, energy, and a nuclear localization signal (NLS). Nuclear protein transport can be regulated, and different forms of stress affect nucleocytoplasmic trafficking. As such, import of proteins containing a classical NLS (cNLS) is inhibited in starving yeast cells. In contrast, the hsp70 Ssa4p concentrates in nuclei upon starvation. Nuclear concentration of Ssa4p in starving cells is reversible, and transfer of stationary phase cells to fresh medium induces Ssa4p nuclear export. This export reaction represents an active process that is sensitive to oxidative stress. In starving cells, the N-terminal domain of Ssa4p mediates Ssa4p nuclear accumulation, and a short hydrophobic sequence, termed Star (for starvation), is sufficient to ORFDOL]HWKHUHSRUWHUSURWHLQV*)3RU-galactosidase to nuclei. To determine whether nuclear accumulation of Star--galactosidase depends on a specific nuclear carrier, we have analyzed its GLVWULEXWLRQLQPXWDQW\HDVWVWUDLQVWKDWFDUU\DGHOHWLRQRIDVLQJOH-importin gene. With WKLVDVVD\ZHKDYHLGHQWLILHG1PGSDVD-importin required to concentrate Star--galactosidase in nuclei when cells enter stationary phase.
Introduction
In eukaryotic cells, DNA replication and RNA synthesis take place in the nucleus, whereas protein synthesis occurs in the cytoplasm. Proper communication between these processes depends on the transport of soluble factors between both compartments.
Nucleocytoplasmic trafficking requires that proteins cross the nuclear envelope. In order to do so, proteins travel through nuclear pore complexes (NPCs), large specialized structures that span both the inner and outer nuclear membrane. Proteins that are smaller than 40-60 kD can diffuse through NPCs without the requirement of energy. In contrast, macromolecules with a molecular mass larger than 40-60 kD enter the nucleus via active transport (reviewed in 1, 2).
A variety of pathways mediate the nuclear accumulation of proteins too large to diffuse into the nucleus (reviewed in 1, 2). In most cases, nuclear trafficking depends on specific carrier molecules, termed importins. In the yeast Saccharomyces cerevisiae 14 members of the -importin family have been identified (reviewed in 3), three of which are essential for cell viability. These carriers are involved in nuclear export or import of proteins and RNA. At present, classical nuclear protein transport is the pathway understood best. This transport route During logarithmic growth, cells deplete their medium for nutrients and enter stationary phase. Under these conditions, a variety of genes modify their expression levels. Nutrient depletion represents a specific form of stress that inhibits classical nuclear transport and can also affect non-classical transport pathways (7) . Moreover, various proteins regulating the response to changing nutrient concentrations, such as Mig1p, may alter their distribution between nucleus and cytoplasm (reviewed in 8). and recover from stress-induced injury, cells need to activate specialized survival and repair mechanisms. In particular, heat shock proteins of the hsp70/hsc70 family play an essential role in these processes. Hsp70/hsc70s shuttle between nucleus and cytoplasm (9) and accumulate in nuclei upon exposure to heat stress. Unlike heat shock, however, the effect of starvation on hsp70 localization has not been studied in detail.
The yeast Saccharomyces cerevisiae contains six members of the cytosolic hsp70 family.
Cytosolic hsp70s are divided into two subfamilies: four SSA encoded gene products (Ssa1p to Ssa4p), and two SSB gene products (Ssb1p and Ssb2p) (reviewed in 10). The SSA4 gene is particularly interesting as its expression is highly induced upon stress (10) and upregulated during diauxic shift. Proteins of the SSA family are located in the cytoplasm and the nucleus, as they shuttle between both compartments under normal conditions. Unlike gene products of the SSA group, Ssb1p and Ssb2p are located predominantly in the cytoplasm. Ssb1p is prevented from nuclear accumulation due to the presence of a nuclear export signal (NES) in its Nterminal domain (11) .
It has not been analyzed previously whether nutrient depletion affects the localization of hsp70s. We have addressed this problem by generating fusions containing Ssa4p and GFP (Aequorea victoria green fluorescent protein). We now show that upon starvation GFP-fusion proteins carrying Ssa4p or its N-terminal domain accumulate in nuclei. We have identified a short hydrophobic segment in this N-terminal portion, referred to as the Star sequence, which is sufficient to direct non-nuclear reporter proteins to nuclei when cells are entering stationary 
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Plasmids and Transformation of Yeast Cells
All plasmid constructions were carried out in E. coli strain XL1-Blue. The correctness of constructs was verified by sequencing with the sequenase 2.0 kit (USB, Cleveland, OH). To generate fusions between GFP and SSA4, the GFPmut1-allele was used. GFPmut1 encodes a protein with approximately 35-times the fluorescence intensity of the wild type (12) . Plasmid pGAD-GFP encodes NLS-GFP, a fusion protein that carries the classical SV40-NLS (13). Yeast cells were transformed as described previously (14) and selected on dropout plates containing 2% glucose.
Fluorescence Microscopy
GFP-containing reporter proteins were located by fluorescence microscopy as previously 
Results
GFP-Ssa4p fusion proteins accumulate in nuclei of starving cells -Fusions of GFP and
members of the SSA family of proteins are proper models to study their targeting within the cell (11) . As described below, we have used proteins containing GFP and distinct segments of the cytoplasmic hsp70 Ssa4p for our studies. In logarithmically growing cells, the fusion protein GFP-Ssa4p(16-642), which contains amino acid residues 16 to 642 of the authentic sequence of Ssa4p (642 amino acid residues), was both nuclear and cytoplasmic (Figure 1, A, B Nuclear export of GFP-Ssa4p ) is sensitive to oxidative stress -Nuclear accumulation of GFP-Ssa4p(16-642) in starving cells was reversible and transfer to fresh medium promoted its export into the cytoplasm. Nucleocytoplasmic trafficking, and in particular, nuclear export 11 of several proteins, is sensitive to oxidants (16, 17; reviewed in 8) . When stationary phase cells were transferred to fresh medium containing glucose, both hydrogen peroxide and diethyl maleate strongly inhibited nuclear export of the fusion protein (Figure 2, C-F) . In contrast, the protein synthesis inhibitor cycloheximide had no effect on nuclear export, and GFP-Ssa4p(16-642) appeared in the cytoplasm, as was observed in control cells (compare A, B with G, H in Figure 2 ). 
GFP-6WDUDFFXPXODWHVLQQXFOHLRI\HDVWVWUDLQVFDUU\LQJPXWDWLRQVLQ-importin genes -
We have tested the nuclear accumulation of GFP-Star in yeast strains carrying a deletion in one RIWKH-importin genes. With the experiments shown in Figure 5 and summarized in Table 1, we followed the localization of GFP-Star in cells during logarithmic growth and in stationary phase. All of the mutants tested equilibrated GFP-Star between nucleus and cytoplasm when cells were growing logarithmically. However, GFP-Star accumulated in nuclei when cultures were in early stationary phase. These results are consistent with the interpretation that the concentration of the small protein GFP-6WDULQQXFOHLGRHVQRWGHSHQGRQRQHSDUWLFXODU-importin and may be achieved by nuclear retention only.
Nmd5p is required to accumulate Star--galactosidase in nuclei of early stationary phase cells -7RGHWHUPLQHZKHWKHUWKHGHOHWLRQRID-importin gene affects active nuclear import mediated
by the Star-sequence, we monitored the distribution of Star--galactosidase during logarithmic and stationary phases of the culture. As shown in Figure 6 and summarized in Table 1 , most of the deletion mutants were able to accumulate Star--galactosidase in nuclei, supporting the idea that they are not required for nuclear import mediated by the Star-sequence. However, cells lacking a functional NMD5 gene failed to concentrate Star--galactosidase in nuclei of early stationary phase cells ( Figure 6 , Table 1 ), indicating that Nmd5p plays a role in these transport reactions.
As a possible complication of our experiments, overexpression of Star--galactosidase may result in high levels of cytoplasmic protein, which could mask its nuclear accumulation. To obtain lower levels of gene expression, we cloned the Star--galactosidase gene into vectors carrying the GALS promoter (18) . However, when we localized Star--galactosidase in nmd5::TRP1 cells transformed with these plasmids, the reporter protein did not concentrate in nuclei when cells entered stationary phase (data not shown). These results further support the idea that Nmd5p is involved in nuclear import mediated by the Star sequence.
Discussion
Changes in physiological conditions require cells to adapt, and in response to various types of stress proteins may alter their intracellular localization. In particular, trafficking between nucleus and cytoplasm is affected in cells exposed to oxidative or osmotic stress (reviewed in 8). Furthermore, changes in nutrient concentration have been shown to alter protein localization (6, 19, 20) . For instance, the distribution of regulatory and catalytic subunits of protein kinase A in Saccharomyces cerevisiae depends on the carbon source (20) . Likewise, the distribution of hepatic glucokinase is altered in response to metabolic changes (19) . The effect of nutrientdepletion on nucleocytoplasmic transport of heat shock proteins, however, has not been defined previously.
Proteins of the hsp70 family are key components in the stress response, a process that is conserved among eukaryotes. We have now analyzed the effect of starvation on Ssa4p localization in budding yeast. To this end, distinct segments of Ssa4p were fused to the non-QXFOHDUUHSRUWHUSURWHLQV*)3RU-galactosidase. Both GFP-Ssa4p(16-642) and GFP-Ssa4p(1-236) concentrated in nuclei of starving cells during early stationary phase, indicating that the N-terminal domain of Ssa4p is sufficient for nuclear accumulation. As GFP-Ssa4p(1-236) is lacking the bipartite NLS present in authentic Ssa4p, a cNLS is not required to concentrate the protein in nuclei of starving cells. Within the N-terminal domain of Ssa4p we have identified a short stretch of ten mostly hydrophobic amino acid residues, termed Star (for starvation), which is sufficient to promote nuclear concentration in nutrient-depleted cells. Thus, both GFP-Star as well as Star--galactosidase accumulate in nuclei of early stationary phase cells. As the sequence context of Star is different in both fusion proteins, it rules out the possibility that an artificial nuclear targeting sequence was generated by linking the Star sequence to a reporter protein.
Proteins that exceed the diffusion radius of the NPC, like Star--galactosidase, must enter the nucleus by active transport, whereas small molecules can diffuse across NPCs. We have demonstrated that Star--galactosidase concentrated in nuclei of starving cells, whereas NLS-GFP, a substrate for classical nuclear protein import, failed to accumulate. This suggests differences in the requirements for nuclear accumulation and the cellular apparatus mediating Star--galactosidase and cNLS-dependent import. Our hypothesis is further supported by
DQDO\VHVRIPXWDQW\HDVWVWUDLQVWKDWFDUU\DGHOHWLRQRIRQHRIWKH-importin genes, as we have
LGHQWLILHG1PGSDVD-importin that plays an essential role in nuclear accumulation of Star--galactosidase when cells enter stationary phase. By contrast, NLS-GFP is believed to be imported into nuclei by the classical nuclear import SDWKZD\UHTXLULQJ.-LPSRUWLQDQGWKHimportin Kap95p, and this pathway is inactivated in starving cells. Moreover, nuclear accumulation in starving cells is not a general feature of proteins carrying a non-classical NLS.
For instance, the yeast protein Npl3p contains a non-classical NLS but fails to concentrate in nuclei of starving cells (7) . We therefore propose that the Star sequence functions as a special non-classical NLS in starving cells.
NMD5 is a non-essential gene that encodes a nuclear carrier which imports the MAP kinase Hog1p and the transcription elongation factor TFIIS into nuclei (5, 21) . We have now 
